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New York, New York 
AlHlormal delay of repolarization leading to prolonged 
reduction of membrane potential could lead to arrhyth-
mias. Transmission of this type of abnormality from an 
"abnormal" to a "normal" segment of Purkinje fiber 
was studied as follows: In a double compartment bath 
one segment was superfused with unmodified Tyrode's 
solution and the other with solutions known to induce 
abnormal prolongation of action potential duration 
(manifest by prolonged step-like delays in repolarization, 
or "secondary plateaus" and "early afterdepolariza-
tion," that is, activations arising as a consequence of the 
prolonged depolarized membrane potential). 
Transmission of abnormalities varied. Complete 
transmission of secondary plateaus and early afterde-
When membrane potential remains depolarized for pro-
longed intervals, there is quiescence, repetitive activation 
or conduction delay (1-5). In situ, these events may cause 
arrhythmias. One way in which membrane potential may 
remain depolarized is by abnormal delay of repolarization 
leading to abnormal prolongation of action potential dura-
tion (1,6-12). Here the upstroke brings membrane potential 
to a depolarized range and there is delay in returning to the 
initial resting level. 
In situ, electrophysiologic abnormalities often develop 
in localized areas and may be propagated. Therefore, in-
teractions between abnormal and normal zones are impor-
tant. Using a double-chambered bath in which two segments 
of Purkinje fiber could be independently superfused, we 
examined interactions between a segment in which repo-
larization abnormalities were induced and a contiguous nor-
mal segment. Our studies included an examination of the 
From the Department of Medicine. Mount Sinai School of Medicine 
of the City University of New York. This study was supported in part by 
Grant HL25135 from the National Heart. Lung and Blood Institute. U.S. 
Public Health Service. Bethesda. Maryland and a grant from the Hearst 
Foundation, New York, New York. Manuscript received April 10, 1984; 
revised manuscript recei ved February 20. 1985, accepted February 20. 
1985. 
Address for reprints: joel Kupersmith, MD, Chief, Cardiology, Beth 
Israel Medical Center. IO Nathan D. Pearlman Place, New York, New 
York 10029. 
© 1985 by the American College of Cardiology 
polarizations led to action potentials configurationally 
similar throughout the fiber. Selective transmission of 
early afterdepolarizations led to the occurrence of new 
premature action potentials in the normal segment. Cycle 
length prolongation favored both the occurrence and the 
transmission of abnormalities. After addition of lido-
caine or high potassium ion solutions to the normal seg-
ment, shortening of action potential duration occurred 
and was transmitted from normal to abnormal segment. 
In this way, reversal of abnormality throughout the fiber 
occurred via an intervention applied selectively to the 
normal segment. Observations in this study may be rel-
evant to arrhythmias and their treatment. 
(J Am Coil CardioI1985;6:152-60) 
transmission of abnormalities to the normal segment, of the 
effects of interventions performed to determine whether there 
may be transmission of repolarization from normal segments 
to reverse abnormalities, and of the effects of variations in 
rate. The purpose of these studies was to better define ways 
in which repolarization abnormalities might be associated 
with arrhythmias. In the course of these experiments we 
observed a number of events resulting from such interactions 
which may have relevance to clinical arrhythmias. These 
form the basis of the present report. 
Methods 
Experimental preparation. We studied Purkinje fibers 
isolated from dog hearts. We anesthetized adult mongrel 
dogs (15 to 20 kg) with sodium pentobarbital (30 mg/kg 
intravenously), excised the heart and removed free-running 
tendons from the right and left ventricles. We placed them 
in Tyrode's solution gassed with 95% oxygen and 5% carbon 
dioxide. We used unbranched Purkinje fibers 10 to 15 mm 
in length, from which attached ventricular muscle Was al-
most entirely removed. We placed the fibers in a Lucite 
bath that was separated into two compartments (each with 
separate inflow and outflow) by a high quality rubber par-
tition (Fig. 1). So that the partition would fit snugly around 
the fiber, we made a small incision in it, temporarily stretched 
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it with forceps and passed the fiber through. We then pinned 
the fiber to the Sylgard base of the bath. This double com-
partment arrangement allowed two segments of fiber to be 
independently superfused. Continuity of the partition was 
established by adding a high potassium solution to one com-
partment and observing no change in action potential am-
plitude in the other compartment. 
Recordings. We made recordings of membrane poten-
tial in each compartment using machine-pulled (via Nara-
shige model PE-2) glass microelectrodes of the "quick-fill" 
type (WP Instruments). Electrodes were filled with 3 mM 
potassium chloride and coupled to a silver-silver chloride 
bar that led to a high impedance (1014 ohm) input capacity 
neutralizing amplifier (WP Instrument M707). We placed 
the electrodes 3 to 5 mm apart (1 to 3 mm from the partition). 
The tissue bath was connected to ground by a silver-silver 
chloride wire. Recordings were displayed on a Gould 2200 
strip chart recorder; this is an ink-spray recorder so that it 
does not precisely examine fast transients, for example, the 
rate of rise of upstroke, though large changes can still be 
seen. 
For pacing sequences, we used stimuli of two times 
diastolic threshold and 2 ms duration. We delivered stimuli 
to the Purkinje fiber via Ag-AgCI wires which were con-
nected to a stimulus isolation unit and timer. 
Solutions. We performed studies in Tyrode's solution 
whose composition (in mM) was: NaCl, 137; NaHC03 , 24; 
NaH2P04 , 1.8; MgCh, 0.5; CaCh, 1.8; KCI, 4.0; dextrose, 
5.5; pH was 7.3 to 7.4. We also modified the Tyrode's 
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solution as in previous studies to induce repolarization ab-
normalities: hypoxia, hypothermia and reduction of pH to 
6.4 to 6.8 using 1 mM HCI with or without addition of 
epinephrine (10- 7 M); or Ni+ + (2 mM) (13,14). 
Experimental protocol. We first placed Purkinje fibers 
in unmodified Tyrode's solution at a temperature of 35 to 
37°C and recorded normal action potentials (defined later) 
in both chambers at normothermia and then after cooling, 
over the range of 22 to 35°C. We then added solutions, 
modified as stated, to one chamber and observed any ab-
normalities that might arise. During this time, temperature, 
which was always the same in both chambers, was at a level 
that had not induced repolarization abnormalities when both 
chambers were bathed in unmodified Tyrode's solution. We 
then applied stimuli or made further modifications of so-
lutions (for example, addition of lidocaine, 10 mg/liter, or 
varying potassium ion concentrations up to 12 mM) as in-
dicated under Results. Our experimental goal was to induce 
repolarization abnormalities, observe interactions between 
abnormal and normal segments and modify these interac-
tions by applied stimuli or further modification of solution. 
For purposes of our conclusions, we did not observe nor 
attempt to delineate significant differences between the two 
methods used to induce abnormalities nor did we attempt 
to delineate the ionic mechanism by which a certain inter-
vention induced a certain abnormality. 
This report is based on 46 experiments. In 30 we used 
hypoxic, hypothermic acidic Tyrode's solution with (n = 
17) and without (n = 13) epinephrine and in 16 we used 
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Figure 2. Transmission of prolonged second-
ary plateau from abnormal (upper) to normal 
(lower) segment. In A both segments were 
bathed in unmodified Tyrode's solution. Nickel 
(Ni2 +) was then infused and 25 minutes later 
Band C were recorded. Action potentials in 
Band C were abnormally prolonged and there 
was transmission of abnormalities to the nor-
mal segment. Arrow in B, second beat, shows 
an example of what we define as a secondary 
plateau. Diastolic interval preceding the action 
potential in C was 25 seconds. Five minutes 
after C, Nj2+ was washed out from the upper 
segment and D was recorded I hour later. Tem-
perature 26°C. 
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nickel (Ni2+). In 12 of these experiments (6 with hypoxic, 
acidic Tyrode's solution plus epinephrine and 6 with NF+) 
repolarization abnormalities did not occur in spite of the use 
of modified solutions and for this report we did not pursue 
these experiments any further. 
Terminology. We used the following terms: "Abnor-
mally prolonged action potential" or "repolarization ab-
normality" describes a state in which there is a depolari-
zation and then a delay in return to the initial resting level. 
During the abnormally prolonged action potential there are 
step-like delays in repolarization or repetitive activations, 
or both, occurring prior to repolarization. "Secondary pla-
teau" describes prolonged step-like changes in membrane 
potential after initiation of the plateau that occur at a 
higher (less depolarized) level (15) (arrow in Fig. 2). Ac-
tivations (or oscillations) resulting when membrane potential 
remains at the level of the secondary plateau have been 
variously called "oscillatory triggered activity" (16) and 
"triggered sustained rhythmic activity" (17) . We used the 
term "early afterdepolarization" as have others (11,12) (ar-
row in Fig. 3). 
"Action potential" refers to the time period from the 
initial upstroke to the return to baseline resting membrane 
potential. It does not refer to early afterdepolarizations. In 
our view this usage causes less confusion and allows for 
the possibility that such activations may occur as a conse-
quence rather than as a cause of delayed repolarization (and 
thus as a consequence of "action potential" prolongation). 
"Normal action potential" is used when there is a smooth 
repolarization phase and none of the preceding abnormali-
ties. "Abnormal segment" refers to the Purkinje fiber seg-
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ment bathed in modified Tyrode's solution and "normal 
segment" refers to that bathed in unmodified Tyrode's 
solution. 
Results 
Representative examples of each event are shown in Fig-
ures 2 to 6 for transmission of abnormalities to a normal 
Figure 3. Transmission of action potential prolongation and early 
afterdepolarization from abnormal to normal segment demon-
strated by alternately superfusing upper and lower segments with 
Ni2 + (2 roM). In A both segments were bathed in Tyrode's so-
lution. Nj2+ was then infused into the upper segments; B was 
recorded 30 minutes later. Arrow in B shows an example of what 
we define as early afterdepolarization. Following this Nj2+ was 
washed out of the lower and added to the upper segment and C 
was recorded I hour later. Inserts in Band C show early after-
depolarization at faster paper speed. Following C, Tyrode's so-
lution was returned to both segments and D was recorded 1 hour 
later. Temperature 31°C. 
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segment and Figures 7 and 8 for transmission of repolari-
zation in the other direction to an abnormal segment. 
Transmission of Abnormalities 
Nearly complete transmission (Figs. 2 and 3). Figures 
2 and 3 are examples of experiments in which there was 
nearly complete transmission of abnormalities from an ab-
normal to a normal segment. In Figure 2 a prolonged sec-
ondary plateau alone was transmitted, In panel A, baseline 
normal action potentials were recorded when both segments 
were bathed in unmodified Tyrode's solution. Addition of 
nickel (Ni2 +) (2 roM) to the upper segment (panels Band 
C) then led to a prolonged secondary plateau with action 
potential durations going over 5 minutes. Events were trans-
mitted to the normal segment, though the rate of repolari-
zation still remained somewhat slower in the abnormal seg-
ment causing a slight difference in action potential duration. 
A B c o 
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Figure 4. Transmission of early afterdepo-
larizations from abnormal to normal segment 
with events in normal segment depending in 
part on timing. The upper segment was bathed 
in acidic (pH 6.5), hypoxic Tyrode's solution 
with epinephrine (10- 7 M) (epi) and the lower 
segment in unmodified Tyrode's solution. 
Action potential duration in the upper seg-
ment was longer than in the lower. In A there 
was one early afterdepolarization in the upper 
segment which was transmitted to the lower 
segment as a small deflection. In B to E a 
second early afterdepolarization was also 
transmitted to the normal segment. In Band 
C this early afterdepolarization was trans-
mitted as a similar deflection. In D and E it 
occurred somewhat later and appeared in the 
normal segment as a new action potential 
either just before (D) or just after (E) the end 
of the initial action potential and after what 
would ordinarily be considered its "effective 
refractory period." Temperature 29°C. 
In panel D, action potentials were restored to baseline nor-
mal configuration by washout of NF + . 
Figure 3 shows propagation oj both action potential pro-
longation and early aJterdepolarizations. Baseline normal 
action potentials are shown in A. In B, the lower segment 
was bathed in Ni2+; this caused action potential prolonga-
tion and occurrence of an early afterdepolarization which 
was transmitted to the upper segment. In C, the solutions 
have been reversed, that is, the upper segment was now 
bathed in NF + and the lower in unmodified Tyrode' s so-
lution. Action potentials were again prolonged, but the rel-
ative timing of the early afterdepolarization was now also 
reversed; the earlier defection was in the upper segment. In 
D, normal action potentials were restored by washout of 
NF+. 
In the course of experiments in Figures 2 and 3, there 
was no beat to beat lag time in transmission of abnormalities. 
E 
Figure 5. Recording made during super-
fusion of one segment in acidic (pH 6.5), 
hypoxic Tyrode's solution plus epineph-
rine (10- 7 M) (epi). A to C were recorded 
during a spontaneously automatic rhythm. 
D was recorded during a paced rhythm. 
Cycle length during spontaneous rhythm 
was 1.35 to 1.45 seconds and during paced 
rhythm in D was I second. In E the first 
action potential was spontaneous and the 
second action potential was paced. Tem-
perature 35°C. See text for further 
discussion. 
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Figure 6. Recordings made during superfusion of one 
segment with acidic (pH 6.6) hypoxic Tyrode's solution. 
The upper two traces were continuous with those of the 
lower portion. The first beat was recorded during a spon-
taneously automatic rhythm. Pacing for I minute at cycle 
length 1.2 seconds was then initiated. There is a 50-
second gap in the tracing after the 8th action potential. 
After discontinuation of pacing, a stimulus was applied 
to initiate the 13th action potential after an interval of 
9.6 seconds. The spontaneous automatic rate was then 
allowed to govern the fiber. Temperature 31°C. See text 
for further discussion. 
In these and in other experiments, any transmission that 
occurred did so as soon as the abnormalities themselves 
occurred. We should also note that determination of the 
sequence of activation using recordings from two sites with-
out mapping the fiber is subject to error. However, our 
electrodes were only 3 to 5 mm apart and it is apparent that 
there was a general change in the direction of activation in 
Figure 3. It is also apparent that a conduction delay of great 
magnitude from one side to the other did not occur during 
the initial action potential upstroke. Profound conduction 
delays of this sort, which might suggest that early after-
depolarizations were due to a reentrant mechanism, did not 
occur in any experiment. 
Incomplete transmission (Fig. 4 to 6). In Figure 4, 
early afterdepolarizations were transmitted but there was 
incomplete transmission of the prolonged secondary plateau. 
This led to a difference in action potential duration between 
segments and a variable manifestation of early afterdepo-
larizations in the normal segment. Figure 4A shows an ac-
tion potential in which there was a single early afterdepo-
larization that propagated to the normal segment as a much 
smaller deflection. Action potential duration was longer in 
the abnormal segment due to incomplete propagation of the 
prolonged plateau. In panels B to E, a second spontaneous 
early afterdepolarization occurred at different intervals from 
the initial upstroke and each was transmitted to the normal 
segment with an appearance that depended on its timing. 
In panels B and C, these occurred relatively early and ap-
peared in the normal segment as early afterdepolarizations. 
However, in panels D and E, the activations in the normal 
segment had the appearance of new premature action po-
205ec 
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tentials, either just before (panel D) or just after (panel E) 
the end of repolarization of the normal segment action po-
tentials. Thus, they occurred at activation voltages at or near 
Figure 7. Transmission of repolarization from the normal to the 
abnormal segment. In all panels the upper segment was bathed in 
acidic (pH 6.6), hypoxic Tyrode's solution and the lower in un-
modified Tyrode's solution. A shows action potentials with ab-
normal prolongation and two early afterdepolarizations, each of 
which were transmitted to the normal segment. Prior to B, drops 
of 12 mM K + were added to the lower segment. This resulted in 
action potential shortening and ultimately disappearance of early 
afterdepolarizations (in C). Note also that the action potential in 
the lower but not in the upper trace of B to D displayed diminished 
amplitude. In E, K + has washed out and action potentials returned 
to baseline configuration. Time interval between addition of K + 
drops and B was 3 minutes; C, 4.2 minutes; D, 9 minutes; and 
E, 17.7 minutes. Action potential durations were equal in both 
segments throughout the experiment. Temperature 3l.5°C. 
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Figure 8. Effects of lidocaine selectively ap-
plied to the normal segment. A, Recordings 
made after superfusion of the upper segment 
with acidic (pH 6.5), hypoxic Tyrode's so-
lution and the lower segment with unmodi-
fied Tyrode's solution. After a series of ab-
normal action potentials (not shown) 
repolarization was arrested at a secondary 
plateau level. After 23.5 minutes of repolar-
ization arrest, lidocaine (10 mg/liter) (Lido) 
was added to the normal segment and 12 
minutes later repolarization occurred. After 
this there was a 6 minute interval during which 
abnormally prolonged action potentials oc-
curred during a spontaneously automatic 
rhythm as in B. As shown in C, recorded 
10.5 minutes later, action potentials subse-
quently became normal in appearance. Note, 
however, that action potential amplitude in 
the upper trace (without lidocaine) was smaller 
than in the lower trace. D, Recordings 25 
minutes after lidocaine was added to both 
segments. Action potential duration short-
ened further (in spite of the longer cycle length) 
and action potential amplitude in the upper 
trace became larger and was now similar in 
both segments. Subsequently, lidocaine was 
washed out of both segments and abnormal-
ities returned as observed in E, recorded 45 
minutes later. Soon after E, the preparation 
deteriorated and died. Temperature 32°C. 
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the initial resting potential. The variability in appearance of 
activations in the normal segment was possible because of 
its shorter action potential duration due, in tum, to incom-
plete transmission of the secondary plateau. Note that the 
differences in timing of repolarization between segments 
was maintained in the presence of the second early after-
depolarization in panels B to E. 
Figure 5 shows an experiment in which both the pro-
longed secondary plateau and the early aJterdepolarizations 
were incompletely transmitted. Recordings of Figure SA to 
C were made during a spontaneously automatic rhythm which 
originated in the abnormal segment. In these recordings, 
early afterdepolarizations occurred at four intervals after the 
initial upstroke. The earlier two activations occurred during 
phase 3 of the normal segment action potential, but unlike 
the situation in Figure 4, these were not transmitted (panel 
A and first action potential in panel B). The latter two 
activations occurred after completion of repolarization of 
the normal segment action potentials, were then transmitted 
and arrived as new premature action potentials (panel B, 
second action potential and panel C). Note that the differ-
ence in timing of repolarization was still maintained in the 
presence of the transmitted events. 
Figure 5D and E shows the effect of pacing and pre-
mature stimuli on events seen in Figure SA to C. In panel 
D, action potentials were recorded during pacing at a cycle 
length of 2.2 seconds. Action potentials in both segments 
had a normal configuration though action potential duration 
was longer in the abnormal segment. 
Figure 5E shows an example of effects of premature 
stimulation. Action potentials assumed a normal configu-
ration after this premature stimulus. Results were similar to 
those obtained when premature stimuli were applied at other 
programmed intervals during diastole. In no instance did 
premature stimuli result in triggered activity. Shortening of 
diastolic interval caused shortening of action potential du-
ration with reversal of repolarization abnormalities. 
EtTects of pacing (Fig. 6). Pacing may influence the 
transmission as well as the occurrence of abnormalities. In 
previous work, we (3) and others 01,12) showed that rapid 
pacing trains temporarily reversed action potential abnor-
malities which gradually returned during the postoverdrive 
period. This gradual return is analogous to the gradual re-
covery of action potential duration after a pacing train in 
normal tissue due to the slow decline of outward currents 
08,19). In Figure 6, the first action potential was the last 
of a series of spontaneously occurring beats. There was 
action potential prolongation and one early afterdepolari-
zation that was transmitted to the normal segment where 
action potential duration was somewhat shorter. We then 
applied a train of rapid stimuli for 1 minute. This caused a 
shortening of action potential duration and disappearance 
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of the early afterdepolarization (though the difference in 
action potential durations between segments persisted). 
During the postoverdrive period, the first beat was paced, 
but then the intrinsic automatic rate was allowed to govern 
the fiber. The first three postoverdrive beats still had short-
ened action potential duration without an early afterdepo-
larization. The fourth and fifth beats displayed early after-
depolarizations in the abnormal segment, but these were 
transmitted only as small deflections during relatively late 
phase 3. Finally, beginning with the sixth postoverdrive 
beat, transmission of early afterdepolarization was entirely 
restored. Thus, there was an influence of preceding over-
drive (and outward currents generated as a result) on 
both the occurrence and the transmission of early after-
depolarizations. 
Transmission of Repolarization to 
Reverse Abnormalities 
High potassium solution. As exemplified in Figures 7 
and 8, repolarization could also be transmitted in the op-
posite direction to reverse abnormalities. In Figure 7 A, the 
upper segment was bathed in hypoxic, acidic Tyrode's so-
lution, causing action potential prolongation and early af-
terdepolarizations. These were transmitted to the normal 
segment. Twelve millimolar potassium Tyrode's solution 
(adjusted to the same temperature) was then rapidly added 
to the normal segment and this, as expected, caused repo-
larization to occur earlier. Action potential duration pro-
gressively shortened with eventual disappearance of the early 
afterdepolarization (panel C). Significantly, the earlier re-
polarization was transmitted to the abnormal segments to 
reverse abnormalities there as well. Note also that action 
potential amplitude was reduced in the lower segment, as 
expected with a high K + solution, but it remained un-
changed in the upper segment. This finding indicated con-
tinuity of the partition with no leakage of K +. With washout 
of the high K + solution, abnormalities returned (D and E). 
The experiment of Figure 7 indicated the possibility of re-
versal of repolarization abnormalities and abolition of early 
afterdepolarizations over the entire fiber via an intervention 
selectively applied to the normal segment. 
Lidocaine. Figure 8 shows an example of a similar result 
with lidocaine, which also shortens action potential duration 
(20). After the upper segment was bathed selectively with 
acidic, hypoxic Tyrode's solution, abnormal action potential 
prolongation occurred in both segments. Ultimately, very 
prolonged action potentials of 1 minute or more were re-
corded and finally membrane potential was arrested at the 
secondary plateau level (panel A). At 23.5 minutes after 
the arrest, we added lidocaine (10 mg/liter) to the lower 
segment. Ten minutes later repolarization occurred and the 
following sequence of events ensued: several markedly pro-
longed action potentials; a run of 8 to 10 second action 
potentials each with one early afierdepolarization (as in panel 
JACC Vol. 6, No.1 
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B); finally, action potentials of normal configuration (panel 
C). We should note that while the reversal of repolarization 
arrest in panel A was most probably due to lidocaine, it 
may have occurred at some point spontaneously. Events in 
panels Band C, however, were clearly due to the lidocaine. 
Our next intervention was to super/use both segments 
with lidocaine (10 mglliter) and this resulted in further short-
ening of action potential duration in both segments and 
improvement of action potential amplitUde in the upper seg-
ment (panel D). Washout of lidocaine resulted in recurrence 
of abnormality (panel E). However, before the time when 
there would have been complete reversal of lidocaine's ef-
fects, the preparation deteriorated and died. A similar short-
ening of action potential throughout the fiber and reversal 
of action potential abnormalities was observed in three other 
experiments with lidocaine. 
Discussion 
Localized repolarization delay. Abnormal repolariza-
tion delay is a way in which membrane potential may remain 
at depolarized levels for long intervals. Other investiga-
tors (2-5,15,21) have suggested that phenomena at depo-
larized potentials might lead to arrhythmias and have noted 
states similar to those observed in the present study 
(6,8,10,16,17,22). Brachmann et al. (11) and Damiano and 
Rosen (12) observed abnormally prolonged action potentials 
on exposure to cesium, an inhibitor of potassium conduct-
ance. Cesium-induced ventricular arrhythmias in situ were 
also observed (11). Overall, however, repolarization has 
not received a great deal of clinically directed attention 
perhaps because of the difficulty of recording its occurrence 
via extracellular electrodes in situ. 
In the present study various forms of abnormality were 
associated with localized repolarization delay. These ab-
normalities were transmitted instantaneously to contiguous 
normal segments. In certain instances repolarization was 
induced locally in a normal segment and this event was 
transmitted in the opposite direction to reverse abnormali-
ties. Transmission in either case was electrical, by means 
of propagation or electrotonic transmission. Though re-
cordings were obtained under different conditions making 
certain comparisons difficult, we can at least conclude that 
these types of events are possible in Purkinje fiber. Such 
events occurring in situ could have interesting conse-
quences. In this discussion, we will direct our attention to 
the transmission and possible origin of abnormalities, the 
coupling of repolarization within the fiber and the possible 
relevance of our observations to clinical arrhythmias. 
Transmission of abnormalities. The transmission of 
abnormalities was variable and determined events in the 
normal segment. For example, a prolonged secondary pla-
teau and early afterdepolarization could be transmitted to-
gether (as previously shown in canine false tendon and squid 
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axon) (Fig. 2 in Reference 23; 24) independently or not at 
all. Such variations in transmission could lead to the ap-
pearance of abnormalities in the normal segment, as pro-
longed secondary plateaus (Fig. 2), as early afterdepolari-
zation (when both the secondary plateau and the 
afterdepolarizations were transmitted) (Fig. 3) or as new 
action potentials when only the "activations" and not the 
secondary plateau were transmitted (Fig. 5). Cycle length, 
which could be a determinant of both the occurrence ( 12, 13) 
and transmission of abnormalities (Fig. 5 and 6) influenced 
these events as did the timing of the early afterdepolarization 
referable to the normal segment action potentials (Fig. 4 
and 5). 
Also of interest in Figure 5 is that incomplete transmis-
sion of events rendered electrodes in the normal segment 
incapable of detecting the true nature of abnormalities. Pos-
sibly, in other studies, similar abnormalities have occurred 
spontaneously in isolated regions of preparations and caused 
abnormal beating over the entire fiber. However, if abnor-
malities were out of reach of recording electrodes, their true 
nature would remain unsuspected. In an analogous obser-
vation, Ferrier and Rosenthal (25) reported initiation of re-
petitive activity over an entire fiber via a locally induced 
sustained depolarization. 
Early afterdepolarizations. Because of the generally 
low and variable amplitude of early afterdepolarizations, 
the distinction between impulse "propagation," that is, the 
crossing of an "all or nothing" threshold, and electrotonic 
transmission could not usually be made. This question has 
remained unresolved in other studies in which low amplitude 
deflections were recorded at reduced activation voltages (26). 
In the present study, "propagation" clearly occurred when 
early afterdepolarizations led to new action potentials in the 
normal segment (Fig. 5), but in other instances we could 
not be certain. Since the distance between our electrodes (3 
to 5 mm) was greater than the space constant for canine 
Purkinje fiber (reported as 1. 2 to 1. 72 mm) (23,27), there 
would be substantial decay of electrotonic impulses. How-
ever, cable constants for abnormal tissue may be different. 
Overall, the precise importance of distinguishing between 
"propagation" and "electrotonic transmission" for pur-
poses of our study is not certain since electrotonically trans-
mitted deflections can induce a propagated action potential 
further downstream (28). 
Early afterdepolarizations probably arose via the phe-
nomenon of depolarization-induced automaticity (2,3) as 
previously suggested (29). However, a plausible question 
is whether they arose from reentrant pathways. Against this 
possibility are several items of indirect evidence: I) Con-
duction delays of great magnitude did not occur during 
spontaneous beating nor with any sequence of stimuli. 2) 
Programmed stimulation did not induce repetitive activa-
tions as would occur with reentry (4); shortening of diastolic 
interval in fact uniformly tended to normalize action poten-
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tials and abolish early afterdepolarizations. 3) Similarly, 
addition of potassium, which would tend to delay conduc-
tion and increase the likelihood of reentry (4) or electrotonic 
reexcitation (28), reversed abnormalities. Also against a 
reentrant explanation for the early afterdepolarizations are 
the previous observations that they occurred in very small 
fibers (2 to 2.5 mm) and continued to occur after fiber 
transection (13,17). 
Another sequence of events might have led to prolonged 
action potentials: Marked conduction delay to a site causing 
a corresponding delay in repolarization which then is trans-
mitted throughout the fiber (30). However, conduction de-
lays of several seconds or even minutes would have been 
required and were not observed. In addition, a decrease of 
cycle length might promote such abnormalities by increasing 
conduction delays rather than shortening action potential 
duration to reverse abnormalities. 
Repolarization. Different fibers could display either close 
coupling (Fig. 2) or substantial variations (Fig. 5) in the 
time of repolarization between segments. When coupling 
was close, transmission of repolarization was a means of 
reversing abnormalities throughout the fiber. This has pre-
viousl y been reported in normal ventricular muscle (31) and 
squid axon (24). Of interest are agents such as lidocaine 
(Fig. 9) which could reverse abnormalities via this phenom-
enon without ever reaching abnormal tissue. This fact might 
be of special importance in situ if diminished blood flow or 
other factors inhibit drug delivery into abnormal zones. 
Regarding underlying mechanisms, as in the case of early 
afterdepolarizations, we could generally not distinguish 
whether repolarization was transmitted electrotonically or 
"propagated" in an all or nothing fashion. Reversal of 
abnormalities would have occurred in either instance. 
Relevance to clinical arrhythmia. Events we recorded 
may have relevance to arrhythmias such as prolonged asys-
tole (Fig. 2), premature beats (Fig. 5) and possibly tachy-
cardias. For example, the recordings suggest various means 
of arrhythmia onset and termination. Cycle length, which 
influences clinical arrhythmias (32), also strongly influenced 
the appearance and transmission of repolarization abnor-
malities. A cycle length pause or persistent slowing in rate 
may lead to abnormal action potential prolongation which 
is then transmitted to the normal segment (Fig. 5 and 6). 
On the other hand, induction of repolarization and its trans-
mission offers a way to reverse arrhythmia (Fig. 7 and 8). 
The observations also lend support to a previous concept, 
that "injury" or "boundary" current (33,34) may be a 
mechanism for arrhythmias. However, this may occur in 
different ways from those previously considered. For ex-
ample, events in Figure 2 can be viewed as the transmission 
of "boundary current" into a normal segment and this could 
also be accompanied by early activations as in Figures 3 
and 4. The findings of lanse et al. (30) may relate to the 
present study. In extracellular recordings in myocardial 
160 KUPERSMITH AND HOFF 
REPOLARIZA TION ABNORMALITIES 
ischemia, they noted a prolonged duration of activation at the 
infarct border with apparent spread of depolarizing current into 
the contiguous normal tissue to cause arrhythmias. These au-
thors, in other communications, attributed the prolonged du-
ration of activation to marked conduction delays (35), but a pri-
mary repolarization abnormality also seems possible. 
Finally, our recordings seem pertinent to the torsade de 
pointes type of ventricular tachycardia. This and related 
arrhythmias (36,37) are characterized by prolonged QT in-
tervals (possibly reflecting long action potential durations), 
bursts of tachycardia (which could be early afterdepolari-
zations) and total prevention and reversibility by rapid pac-
ing (Fig. 5). Similarities of this nature were also noted by 
Brachmann et al. (II) between abnormalities in vitro and 
arrhythmias in situ induced by Cs + . Using endocardial map-
ping, the same group found evidence suggestive of this 
mechanism of ventricular arrhythmias in a case of prolonged 
QT syndrome (38). Of course, such similarities do not prove 
causality but they do suggest the need for further work. 
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